We discuss the complete set of one-loop triangle graphs involving the Yang-Mills gauge connection, the Kähler connection and the σ-model coordinate connection in the effective field theory of (2, 2) symmetric Z N orbifolds. That is, we discuss pure gauge, pure Kähler and pure σ-model coordinate anomalies as well as the mixed anomalies, such as Kähler-gauge, some of which have been discussed elsewhere. We propose a mechanism for restoring both Kähler and σ-model coordinate symmetry based upon the introduction of two types of counterterms. Finally, we enlarge the σ-model generalization of the Green-Schwarz mechanism to allow the removal of the universal parts of a wider class of anomalies than those previously discussed.
Introduction
Kähler superspace provides a powerful and elegant tool for the description of the N = 1 supergravity-matter system [1] in four dimensions. The structure group of Kähler superspace contains an abelian group, denoted U K (1), in addition to the Lorentz group. By construction, N = 1 supergravity-matter systems are invariant under Kähler transformations. These consist, in part, of field dependent U K (1) transformations of chiral component field fermions. In addition to the Kähler symmetry, the tree-level supergravity-matter theory possesses several other invariances. A generic matter manifold with Kähler metric g ij is parameterized by chiral matter fields φ i and φj [2] . Under σ-model general coordinate transformations of these fields, the tree-level m for gauging Kähler transformations, σ-model coordinate transformations and Yang-Mills gauge transformations, respectively. We will not discuss space-time Lorentz transformations and, hence, we will not consider the Lorentz connection ω m α β in the main part of this paper. Mixed σ-model anomalies involving this connection have been considered in a recent paper [3] , and we will briefly summarize and expand these results in Appendix A. Given these three symmetries at tree-level, one might ask whether or not they are anomalous at the one-loop level. As always in four dimensions, one-loop fermionic triangle graphs are potentially anomalous. In such a triangle graph massless fermions run around the loop and any of the three gauge connections under consideration, a, Γ, and v, can couple to each of three vertices of the triangle graph. Hence, the symmetries under consideration can be broken by pure aaa, ΓΓΓ and vvv graphs as well as by any of the mixed graphs, such as avv or Γvv. In this paper, we will focus on (2, 2) symmetric Z N orbifolds [4, 5] . The effective theory of these orbifolds is, by construction [4] , free of pure Yang-Mills gauge anomalies, pure Lorentz anomalies and mixed Yang-Mills, Lorentz anomalies. Therefore, we need not consider the pure vvv graph in our discussion. One has, however, to worry about anomalies in Kähler and σ-model coordinate transformations. Anomalies in σ-model coordinate transformations, as computed from ΓΓΓ graphs, have been studied in other contexts in [6] .
Recently, much attention has been devoted to the study of the two mixed graphs avv and Γvv, in the context of non-harmonic gauge coupling constants [3, 7, 8, 9, 10] . It was shown [3, 8, 9 ] that these two mixed graphs contribute non-local terms to the 1-loop effective Lagrangian, which are not invariant under either Kähler transformations or under modular transformations (a subset of isometry transformations). Clearly, it is not enough to only consider the two mixed avv and Γvv graphs when discussing the issue of anomalies under Kähler and σ-model coordinate transformations. In this paper, we will compute all anomalous contributions, from both the pure aaa and ΓΓΓ graphs as well as from all the mixed graphs, such as avv and Γvv. We will find that all these graphs contribute non-local terms to the 1-loop effective Lagrangian, which either break Kähler invariance or transform as densities under σ-model coordinate transformations, and, hence, are anomalous under these transformations. That is, the 1-loop effective Lagrangian, as computed from the massless fields in the Z N orbifold theory, breaks Kähler invariance and is also not a scalar under σ-model coordinate transformations. This state of affairs is devastating to making physical sense of orbifold theories.
It follows that one would like to devise some cure to render such theories anomaly free. It has been shown in explicit string amplitude calculations [7] that, in the case of mixed avv and Γvv graphs, the integration over heavy orbifold states contributes local counterterms to the 1-loop effective Lagrangian of the light fields, so as to restore modular invariance of the gauge coupling constants [9] . These explicit string calculations then suggest a general mechanism, based upon the introduction of heavy state induced counterterms, for rendering the theory anomaly free. Hence, we will follow a similar strategy and postulate the existence of two types of counterterms for the restoration of invariance of the partition function under Kähler transformations and under σ-model coordinate transformations. The first type of counterterm will be added to the anomalous effective 1-loop Lagrangian so as to restore invariance under Kähler transformations. This counterterm is of the type of a superpotential term for the untwisted moduli and the dilaton. A second type of counterterms will be added to the anomalous Lagrangian so as to render the effective Lagrangian a scalar under σ-model coordinate transformations. In order to fix the explicit form of all these counterterms we will choose the standard coordinate system for parametrizing the manifold of the untwisted moduli and the dilaton. In the standard coordinate system, superstring amplitudes are expected to be modular invariant [11] . Hence, the effective theory for orbifolds should be modular invariant as well. By demanding modular invariance we will be able to uniquely determine the moduli dependence of the superpotential term as well as of the type two counterterms. Additional computations of three particle scattering string amplitudes, such as three dilaton amplitudes, would be required in order to determine the dilaton dependence of the counterterms. Finally, it has been shown [10] that the universal part of the mixed avv and Γvv anomalies gets removed by a σ-model generalization [8] of the Green-Schwarz mechanism [12] involving the dilaton, dilatino, axion linear supermultiplet. We will close this paper by discussing an extension of this mechanism. Specifically we will show that the universal part of the pure Kähler anomaly, aaa, can, in principle, be removed as well by a Green-Schwarz type mechanism. However, only an explicit calculation of the relevant three point correlation function in string theory can clarify whether or not a part of the pure Kähler anomaly (and how much of it) is removed by this mechanism in string theory.
U K (1) Superspace
Kähler superspace provides a powerful and elegant tool for the description of the supergravity-matter system [1] . We begin by recalling here some of the features of Kähler superspace geometry which will be relevant in the subsequent discussion. A complete description of the properties of U K (1) superspace can be found in [1] . The structure group of Kähler superspace is taken to be SL(2, C) × U K (1) and, accordingly, one introduces two Lie algebra valued one-form gauge connections
and A = dz M A M corresponding to the Lorentz and U K (1) groups respectively. In addition, one introduces a supervielbein E M A and the associated one-forms
gauge connection A is a composite gauge connection defined by
where the prepotential K(Φ i , Φ + i ) is the Kähler potential for matter fields. All matter superfields have vanishing U K (1) weight, ω(Φ i ) = 0. Under a Kähler transformation
the one-form A transforms as
Also, under a Kähler transformation the supervielbein one-forms E A can be shown [1] to transform as
where
Solving the Bianchi identities subject to a set of natural constraints [13] , one finds that all components of the torsion and curvature may be expressed in terms of a set of superfields and their coordinate derivatives:
and κ 2 = 8πM −2 P , where M P is the Planck mass. X α is the superfield fieldstrength of the U K (1) gauge connection.
Classical Symmetries of (2,2) Symmetric Orbifold Lagrangians
In this section, we will consider (2,2) symmetric Z N orbifolds [4, 5] with gauge
2 . These are the orbifolds which have been discussed most extensively in the context of non-harmonic gauge coupling constants in superstring theories. We will, for simplicity, furthermore restrict our discussion to the subset of these orbifolds which do not contain (1,2) moduli; that is, to Z 7 , Z 8 and Z 12 ′ . Our considerations can, however, be generalized in a straightforward way to the case of the remaining E 8 ⊗ E 6 ⊗ U(1) 2 orbifolds, Z 6 ′ , Z 8 ′ and Z 12 , which do contain (1, 2) moduli. Generically, the spectrum [4] of the orbifolds under consideration contains three uncharged untwisted (1,1) moduli, T I , as well as untwisted and twisted 27 matter fields, which we will be collectively denoting by φ i . We also consider twisted (1, 1) moduli, denoted C d . However we will ignore matter fields which are singlets under the E 6 , since the structure of their Kähler potentials is unknown. In addition to the above fields, we will also discuss the dilaton field S [14] . Each of the untwisted (1, 1) moduli T I parametrizes a coset space SU(1, 1)/U(1) ≃ SL(2, R)/U(1) with isometry group SL(2, R) [15] . The Kähler potential for the moduli and matter fields under consideration reads [5, 16] 
The exponents q 
where S is the chiral representation of the dilaton. We have chosen to normalize the fields T I and S in units of Planck mass.
The classical kinetic Lagrangian for the supergravity-matter-dilaton supermultiplet system is [1]
with Kähler potential
where W α denotes the Yang-Mills superfield fieldstrength. The gauge coupling constant g is, at tree-level, given by the lowest component of S,
as well as the potential energy part of the Lagrangian and the partition function possess the following classical invariances.
Kähler invariance:
This follows from the transformation law of E, given in (2.4), under Kähler transformation (2.2).
Gauge invariance:
This follows from the fact that both E and R are functions of the Kähler potential K which, in turn, is invariant under Yang-Mills transformations of the charged fields φ
and where V denotes the Yang-Mills prepotential vector superfield. 
If the transformations (3.9) are accompanied by [15] 
where 12) then K transforms as
with
and, hence, the superdeterminant E is invariant. It follows that the complete tree- jk is given by [2] Γ
For the Kähler potential (3.1) at hand, we find that, for the matter superfields φ
Therefore, the complete covariant derivative for matter fermions χ
The dots stand for additional gravitational couplings such as the coupling to the spacetime Lorentz connection ω m α β . Such additional couplings have been considered in a recent paper [3] , and we will not include them here in our main discussion. They are, however, briefly commented on in Appendix A of this paper. Note that the connections a m and Γ i jk are two totally distinct geometrical objects, as made explicit by the different powers of κ 2 multiplying them in in (3.20) .
Of relevance for this paper are the couplings of the quantum currents to the connections discussed above, which will be taken to be external fields. We will consider quantum superfield fluctuations around a classical, SL(2, R) preserving background 
where where
Similarly, one finds that the couplings of the twisted quantum modulino currents χα d χ αd and the quantum gaugino currentsλ bα λ a α to the external gauge connections are again as in (3.24) , where the prepotential superfields are now respectively given by
Note that, due to the specific Yang-Mills kinetic term (3.5), there is an additional coupling of Im S| to the divergence of the gaugino current. Im S|, however, does not transform under Kähler transformations. This is so, because superfield S in (3.5) is inert under Kähler transformations. In fact, superfield S coordinatizes the dilaton manifold and, hence, the coupling of Im S| to the divergence of the dilatino current in (3.5) should under no circumstances be reinterpreted as an additional coupling of the gaugino current to any of the connections under consideration. That is, this coupling is of no relevance for the discussion of σ-model anomalies and, hence, we will ignore it. In an analogous manner one finds that the couplings of the untwisted quantum modulino currentsχ Iα χ I α to the external connections are contained in X mI which can be written as the θθ-component of a prepotential superfield as
and
where | means evaluation in the SL(2, R) preserving background. Finally, the couplings of the twisted quantum dilatino current are as in (3.29) , where the prepotential superfield is now given by
Note that no mixed quantum currents,χ iα χ I α , between matter fermions and untwisted modulinos occur for the background chosen, and similarly for twisted modulinos.
Kähler and σ-model Coordinate Anomalies in the Effective Theory
In this section, we begin by evaluating non-local one-loop corrections associated with triangle graphs in the theory of the E 8 ⊗ E 6 ⊗ U(1)
2 orbifolds discussed in Section 3. We will work to lowest order in prepotentials Z and V . These non-local terms will, in general, be anomalous under the symmetry transformations discussed in the previous section. Some of these terms can be straightforwardly generalized to the case of (2,2) orbifolds with larger gauge group than U(1) 2 , such as Z 3 . As an example, the non-local term containing the Kähler prepotential K only, can easily be generalized to the off-diagonal moduli case. For concreteness, we will, in Appendix A, discuss the pure Kähler anomaly for the Z 3 case, which we will find to be non-vanishing. This is the term generated by the triangle graph in which all three vertices couple to K.
We begin by considering matter fields φ k and the associated prepotential superfield Y k given by (3.25). For the classical background chosen, the external Kähler prepotential K in (3.25) is given by
The transformation law of the prepotential superfied Y k can then be found from (2.2), (3.7) and (3.11), and reads, to linearized order,
The classical Lagrangian (3.6) is invariant under gauge transformations (4.2). It is of interest to ask whether or not the quantum corrected effective action is invariant under (4.2) as well. As always in four space-time dimensions, one-loop non-local anomalous terms in the effective Lagrangian are associated with three-point triangle graphs [17] .
The relevant supergraph is shown in Figure 1 . In this graph, matter superfields φ k run around the triangle loop and prepotential superfield Y k couples to each of the three matter field vertices, as discussed in Section 3. A similar graph has been considered in [18] in the context of supersymmetric, non-abelian chiral anomalies. There [18] it is the Yang-Mills prepotential superfield V which couples to each of the three matter field vertices. The graph in [18] contributes a complicated non-local term to the effective action that has not been computed in [18] . Its variation under a Yang-Mills transformation, δe V , however, has been computed in [18] in a field theoretical way as an infinite power series in (e V − 1) using a Pauli-Villars regularization scheme. This result can be easily transcribed to our case, since the graph in Figure 1 is similar to the one discussed in [18] , as mentioned. One first expands the result in [18] to lowest order in prepotential V , and subsequently replaces V and its variation δV = iΛ − iΛ 
where n
The relative factor of 3 is due to Bose symmetrization in the ZZZ-channel. We would like to rewrite expression (4.6) in terms of superfield fieldstrengths defined as follows. The Yang-Mills superfield fieldstrength is, to lowest order in prepotentials, given by
We defined another superfield fieldstrength with Z k as its prepotential field
where X α is given by (2.7). It is instructive as well as usefull to display the component fieldstrengths contained in X α andD 2 D α lnG k . These component fieldstrengths are
In the above expression, v 
The D-terms in (4.9) are given [1] by
Expression (4.6) can then be rewritten as
The right hand side is non-vanishing and, hence, δΓ matter given in (4.5) is non-zero.
Therefore, the theory is anomalous under (4.3). Expression (4.13) can be obtained by variation of the following non-local term in the effective Lagrangian
14)
The anomalous contributions to the effective theory from the untwisted and twisted moduli superfields and the dilaton superfield running around a triangle loop can be calculated in a similar way. Each of these contributions can be readily obtained from (4.14) in the following way. As in (4.8), we first define superfield fieldstrengths W αI , W αd and W αS of the prepotential superfields Z I , Z d , and Z S . Then, the contributions from the moduli and dilaton superfields are obtained from (4.14) by replacing W αk and Z k with the corresponding W and Z for each of these fields. The contributions read
The contribution from the gauginos has not been computed in [18] . However, it can be found in a similar way and reads
where H denotes the factor gauge groups E 8 , E 6 and U(1) 2 , and where n
. Thus, the sum of all the non-local contributions from the light fields to the effective action, as computed from triangle graphs, is, to lowest order in prepotentials, given by
Γ V V Z contains all graphs of the form vv(a + Γ) and, hence, it contains the subset of graphs vv(a + Γ) previously discussed in [3, 7, 8, 9, 10] and given by (and generalized to the off-diagonal moduli case)
where R is any representation of charged chiral superfields, Tr
and where G R is that portion of the Kähler metric restricted to chiral superfields with representation R of factor group H. It is this part of the effective action that is relevant to the computation of non-harmonic gauge couplings. to the off-diagonal moduli case) can be rewritten as 
whereas ln det G IJ transforms as the log of a density
Similarly, under coordinate transformations on the submanifold of matter fields with metric G R , the quantities K and ln det G IJ transform as scalar functions whereas ln det G R transforms as the log of a density. First, let us apply these results to compute the variation of the various parts of Γ light under general Kähler transformations
As an example, it is easy to see from 
The right hand side of this expression is non-zero and, hence, Γ V V Z is Kähler anomalous. In a similar way, one can show that Γ V ZZ and Γ ZZZ are anomalous as well under
Kähler transformations. For example, it follows from (4.21) that Γ X 2 transforms as 
That is, Γ V V Z is anomalous under these isometries. Non-invariance of Γ sub V V Z under modular transformations, that is, isometries (3.9) for which a, b, c, d ∈ Z, follows from this result and has been extensively discussed [3, 8, 9] in the context of non-harmonic gauge couplings in string theory. In a similar way, one can see that the new contributions Γ V ZZ and Γ ZZZ are anomalous under σ-model isometries. For example, it follows from (4.21) that Γ X 2 transforms as
and, hence, is non-invariant under isometries (3.9) (as well as under the subset of modular transformations).
We would like to point out again that, in the entire discussion given above, we have not included matter fields which are singlets under the E 6 , since the structure of their Kähler potentials is unknown. They do, however, in general contribute to Γ light as well. Hence, one might ask whether their inclusion results in a cancellation of the various anomalous parts in Γ light . We show, in Appendix A, that this does not happen.
For concreteness, we consider in Appendix A the case of the Z 3 orbifold, for which the complete Kähler potential is known, and we show that Γ X 2 , and, hence, Γ light , is non-vanishing.
Finally, it should also be pointed out that in the entire discussion given above, we have ignored the fact that the gravitino couples to the U K (1) connection as well. That is, we have avoided the issue of the quantization of supergravity fields. One might ask, however, whether the inclusion of the contribution of the gravitino field in (4.17)
could result in a cancellation of the pure Kähler anomaly. From the appropriate indextheorem [19] for the spin 3 2 operator of a Rarita-Schwinger spinor ψ α m , it follows that the non-local contribution of the gravitino to Γ X 2 is three times as big as the contribution of a single spin 1 2 fermion with prepotential superfield Z given by Z = κ 2 2 K. Hence, the gravitino field contributes a factor -3 to the anomaly coefficient in (4.27). That is, the pure Kähler anomaly remains non-vanishing.
Cancellation of Kähler and σ-model Coordinate Anomalies
In this section we will propose a cancellation mechanism for the Kähler and σ-model coordinate anomalies in the effective theory of light fields, as computed in the previous section. We will proceed as follows. We will demand the theory to be Kähler invariant as well as invariant under σ-model coordinate transformations. To achieve this, we will have to postulate the existence of two types of counterterms, one for each type of symmetry transformation. These counterterms, when added to the effective Lagrangian of the light fields, will have to restore both types of symmetries. The presence of these counterterms will be interpreted as resulting from integrating out massive fields, such as Kaluza-Klein excitations and winding modes. We will be able to determine the moduli dependence of the two types of counterterms in the standard (T, S)-coordinate system from the requirement of modular invariance of the effective theory. Finally, we introduce an extension of the σ-model Green-Schwarz mechanism which will enable us to remove the universal part of Γ X 2 , as well as the universal part of the Γ V V Z term [10] discussed in the context of non-holomorphic gauge couplings in string theory. As in the previous sections, we will focus on the E 8 ⊗ E 6 ⊗ U(1) 2 orbifolds. We conjecture, however, that for other (2,2) symmetric orbifolds, such as Z 3 , all the steps carried out in our analysis remain valid. For concreteness, some explicit results are given in Appendix A for the case of the Z 3 orbifold.
We begin by demanding Kähler invariance of the effective theory of (2,2) symmetric orbifolds. As pointed out in the last section, the effective Lagrangian Γ light is not invariant under Kähler transformations (4.25). Hence, a first type of counterterm has to be introduced. One way of rendering the effective theory Kähler invariant is to conjecture that the integration over massive modes conspires in such a way as to effectively induce a shift of the Kähler potential (4.1) in Γ light (contained in the Z's)
by an amount
Here, W (T, S) denotes a yet unspecified superpotential. We have adopted a minimalestic principle. That is to say, we assume each term proportional to K in (4.17)
gets shifted by the same amount ln |W | 2 .
Next, we would like to demand invariance of the partition function of (2,2) symmetric orbifolds under σ-model coordinate transformations. We will proceed in two steps.
In the first step we will demand the effective Lagrangian to transform as a scalar under general σ-model coordinate transformations. As pointed out in the last section, We now demand that the effective theory be invariant under the SL(2, Z) modular transformations, to conform to the expectation that superstring amplitudes are modular invariant [11] . Therefore, we must demand that the scalars ln G A − P A and G(T,T , S,S) be invariant under the modular transformations of the untwisted moduli.
We will choose the standard (T, S)-coordinate system, in which the Kähler potential K is given by (4.1). In particular, then, by demanding the scalars ln G A − P A and G(T,T , S,S) to be separately invariant under modular transformations, we will be able to find the explicit form of some of the counterterms in the standard (T, S)-coordinate system. First, let us discuss G(T,T , S,S). If we make the ansatz
Demanding the invariance of G(T,T , S,S) under modular transformations, the SL(2, Z) subset of isometries (3.9), restricts W (T ) to be the modular function
It follows that
The explicit form of W (T ), and, hence, of G(T,T ) agrees with recent discussions in the literature [9] . Note that Ω(S) remains unspecified. Next, let us discuss the The scalars ln G A − lnĜ A , A = k, d, have the same form as the one-loop corrections to inverse gauge couplings in string theory computed in [7, 9] . Similarly, the counterterm G I for untwisted moduli is determined to bê
Note that the counterterm P S remains unspecified. Although the counterterms (5.8),
(5.11) and (5.12) restore invariance of the effective Lagrangian under SL(2, Z) transformations, they do not restore the full SL(2, R) isometry invariance of the tree-level kinetic Lagrangian (3.6). That is, the SL(2, R) symmetry of the tree-level kinetic
Lagrangian is broken down to SL(2, Z) modular invariance at the one-loop level.
We have rendered the theory of (2,2) symmetric orbifolds invariant under Kähler transformations and under general σ-model coordinate transformations by introducing two types of counterterms, one for each type of symmetry transformation. A priori, there is then no need for any additional mechanism for restoring the symmetries under consideration. However, it has been shown [10] in explicit calculations of string theory scattering amplitudes that there is yet another removal mechanism at work, namely a σ-model generalization [8] of the Green-Schwarz mechanism [12] . Hence, we now proceed to discuss extensions of the Green-Schwarz mechanism for any (2,2) symmetric orbifold [8] . The Green-Schwarz term, denoted L GS , utilizes the linear multiplet representation l for the dilaton supermultiplet [20] . The linear multiplet l is defined to satisfy the following modified linearity condition in Kähler superspace
The X α X α terms in (5.13) correspond to a Chern-Simons term for the Kähler symmetry and are a generalization of the U R (1) Chern-Simons terms introduced in [21] . Equation Then, it can be shown [20] that, upon duality transformation from the chiral superfield S to l, the tree-level Lagrangian (3.6) in the chiral S picture is equivalent to the following Lagrangian in the l picture
where E = E[K] withK = K M + ln l, and where l satisfies (5.13) with coefficients t H given by (5.14). Equivalence of tree-level Lagrangians (3.6) and (5.15) also implies that the coefficients σ and τ vanish. In the following, however, we will allow for nonvanishing σ and τ and, hence, we will discuss extensions of the supergravity theories given by (3.6) . That is, we will allow for additional couplings of the dilaton S to the square of Kähler and gravitational superfield field strengths. In fact, by generalizing the duality transformation given in [20] it can be shown that the Kähler and gravitational contributions on the right hand side of (5.13) contribute the following additional terms to the tree-level Lagrangian (3.6) in the S-picture
We will determine the coefficients σ and τ in the following way. We will conjecture that a part (perhaps all) of the universal part of the mixed σ-model gravitational anomalies, as discussed in [3] and in Appendix A, as well as a part (perhaps all) of the pure Kähler anomaly get removed by an extension of the Green-Schwarz mechanism.
This will uniquely fix both coefficients σ and τ . Hence, removal of these universal parts in string theory requires the presence of the additional tree-level Kähler and gravitational couplings (5.16).
We proceed to discuss the σ-model generalization of the Green-Schwarz mechanism.
We first expand (5.13) to lowest order in the prepotentials V and K, and we find that
Note that, to lowest order in the prepotentials V and K, the superfield W αβγ doesn't contribute to the right hand side of equation (5.17) . Also note that, on the right hand side of (5.17), there is no superfield fieldstrength's square associated with prepotentials ln G A . The Green-Schwarz term, which we will take to be of orderh, has the generic form
where β is real and where Ξ is taken to be a scalar function of the untwisted moduli T I , invariant under Kähler transformations and under modular transformations.
Hence, the addition of the term L GS to the Lagrangian of the effective theory (already supplemented with appropriate counterterms, as discussed above) will maintain both
Kähler and modular invariances of the theory. The coefficient β as well as the scalar function Ξ in (5.18) can be determined from the knowledge (in any (2,2) symmetric Z N orbifold) of the absence of dependence of the effective E 8 gauge coupling constant on the untwisted moduli [10] . We proceed as follows. We first solve (5.17) for l l = 1 16
Then, inserting (5.19) into (5.18) yields the following non-local contribution Γ GS to the effective theory
The two terms in Γ GS stem from reducible tree graphs similar to the one shown in 
The first sum on the right hand side of Γ ′ sub V V Z yields a moduli dependent contribution to the effective E 8 gauge coupling constant. It has been shown [10] , however, that such a contribution is absent in the effective theory of any (2,2) symmetric Z N orbifold.
Hence, we will remove this contribution in the following way. By noting that the term We now compare Γ ′ GS against Γ X 2 in (4.21). We supplement Γ X 2 with counterterms (5.1) and (5.4) and we denote the resulting expression by Γ ′ X 2 . We rewrite Γ ′ X 2 as these mixed gravitational contributions for the case of the Z 3 orbifold, as an example.
We also include the contribution from the gravitino [22] , which had been missing in [3] . Similarly to the Z 3 case, the contributions of the universal type in U ( K is given in (4.12). Finally, let us point out again that, in the above discussion, we have not been able to fix the form of the counterterms Ω(S) and P S .
Conclusion
We have calculated and discussed the complete set of one-loop triangle graphs involving the Yang-Mills gauge connection, the Kähler connection and the σ-model coordinate connection in the effective field theory of (2,2) symmetric Z N orbifolds. We have shown that each of these graphs is anomalous under both Kähler transformations and σ-model coordinate transformations. We have demonstrated that, upon introducing certain counterterms, it is possible to preserve both Kähler and σ-model coordinate invariances of Z N orbifolds. We have been able to determine the moduli dependence of these counterterms by demanding SL(2, Z) modular invariance of the effective theory of Z N orbifolds. The SL(2, R) symmetry of the tree-level kinetic Lagrangian is broken by the counterterms down to SL(2, Z) modular invariance. Additional explicit calculations of on-shell three-point correlation functions (involving the untwisted moduli and the dilaton) are necessary to determine the dilaton dependence of these counterterms.
We have also discussed the possibility of removing the universal part of the contribution from the pure Kähler graph aaa by the Green-Schwarz mechanism. Whether or not such a removal takes place in the effective theory has yet to be checked by an explicit calculation of the appropriate composite three-point scattering amplitude. The relevant on-shell three-point correlation function consists of two Kähler gauge fields a m , a n and one untwisted modulus T . We would like to emphasize the importance of such calculations and to urge people to do them.
were discussed in [3] and found to be equal to information into (A.3) and retaining only the dependence on the untwisted moduli 
